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1 
 
Abstract—Ammonia (NH3) and carbon dioxide (CO2) are 
important breath biomarkers for diagnosis of renal and 
respiratory diseases. Simultaneous sensing of the two gases is 
useful for assessment of Helicobacter Pylori infection. This study 
introduces a multi-parameter optical fibre sensor by coating two 
different dyes, thymol blue and tetraphenylporphyrin 
tetrasulfonic acid hydrate (TPPS) into one optical fibre sensing 
system for multi-sensing of the two gases. The dyes are separately 
coated on distal ends of a 2×2 optical fibre coupler using the sol-
gel technique. The reflection spectrum contains distinctive 
absorption peaks of the two dyes in the wavelength domain and 
hence can be analysed using a single spectrometer. The absorbance 
at a wavelength of 608 nm corresponding to the absorption peak 
of the thymol blue exhibits an exponential decrease as the CO2 
concentration increases from 0 ppm to 60,000 ppm. The 
absorption bands at approximately 490 nm and 711 nm 
corresponding to the Soret band and Q-band of TPPS, respectively, 
show changes both in absorbance and central wavelengths in 
response to NH3 concentration in the range from 0 ppm to 80 ppm. 
The limit of detection and response time for CO2 and NH3 are 637 
ppm and 0.15 ppm, 86 s and 83 s, respectively. The proposed 
sensor demonstrates the capability of sensing NH3 and CO2 
simultaneously in a complex gas atmosphere containing other 
chemicals such as methanol and acetone which are representative 
of industrial or metabolic compounds that may confound 
measurements 
 
Index Terms— multi-parameter sensing, optical fibre sensor, 
gas sensing, pH dyes.  
I. INTRODUCTION 
he use of an optical fibre sensor (OFS) for chemical sensing 
has become a popular approach both in scientific research 
and in commercial applications [1-4] owing to the high 
sensitivity, small size, flexibility and ability to multiplex a 
number of sensors. An optical fibre based sensing platform is 
intrinsically immune to electromagnetic interference and can be 
deployed in a harsh corrosive environment due to the 
chemically inert substrate of a silica fibre. An OFS usually 
inherits the geometrical property of an optical fibre that is 
typically ~125 µm in diameter and requires only a small volume 
size of the sample for measurement. Applications of interest 
include healthcare [5], environmental monitoring [6] and 
bioprocess monitoring [7]. 
Chemical sensing with an OFS usually relies on a change of 
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optical absorption [2], fluorescence [3], refractive index [4] of 
a sensing element (or chemical transducer) while interacting 
with target analytes. An OFS can provide multi-parameter 
sensing and this is commonly achieved by using optical fibre 
gratings such as a long period fibre grating (LPG) or a fibre 
Bragg grating (FBG) as they provide wavelength multiplexing 
capabilities [8, 9]. Multi-parameter sensing can also be 
achieved by fabricating multiple sensors on the fibre tip that 
report each analyte separately [10, 11]. Such sensors are 
attractive as they take the cross-section of an optical fibre as a 
substrate and measurements of the absorption or reflection from 
the tip of the fibre also offers a simple measurement approach. 
The drawback of such sensors is that it is challenging to make 
accurate measurements of the intensity at the tip of the fibre due 
to systematic errors such as fibre bending losses and drift of the 
light source. A factor to consider with all chemical sensors is 
cross sensitivity due to a second species interfering with the 
target analyte. The signals due to each analyte need to be 
differentiated when two sensitive parameters change at the 
same time.  
Ammonia (NH3) and carbon dioxide (CO2) are important 
gases for assessing indoor air quality as exceeding the exposure 
limit will result in health issues for people remaining in this 
environment [12]. For example, swine workers in livestock 
buildings are at risk of developing respiratory diseases as a 
result of exposure to CO2, NH3 and dust which are the main 
sources of the indoor air contamination [13]. The long-term 
exposure limit (up to 10 hours) for CO2 and NH3 are regulated 
at 5,000 ppm and 25 ppm respectively according to the 
Occupational Safety and Health Administration (OSHA) [14]. 
NH3 and CO2 are also important breath biomarkers for 
diagnosis of renal [15] and respiratory [16] diseases 
respectively. In some diseases such as Helicobacter Pylori 
infection, both gases are produced simultaneously [17]. Breath 
gas contains CO2 (~5 % in concentration), water vapour 
(saturated at 37 °C about 6 %) as well as a mixture of over 500 
kinds of components including volatile organic and inorganic 
metabolites such as NH3 (833 ppb), acetone (4 ppb) and 
methanol (461 ppb) [18]. The analysis of breath gas provides 
valuable information about the physiological and 
pathophysiological condition of a patient [19, 20]. Gas 
chromatography combined with mass spectrometry (GC‒MS) 
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provides a reliable and sensitive method for breath analysis in 
measuring the two gases [18]. Despite its high sensitivity, GC-
MS has considerable drawbacks due to the high cost and non-
portable feature.  
Sensing of CO2 / NH3 by using OFSs has been conducted 
separately in most cases and pH indicators based on the 
colorimetric sensing method are commonly used [21-23]. In 
these cases, the CO2 / NH3 reacts with water molecules 
preserved in the same matrix film to produce hydrogen ions (H+) 
/ hydroxide ions (OH-) which protonate /deprotonate the pH 
indicators resulting in a change in the absorption spectrum of 
the film. NH3 can also directly interact with indicators like 
tetrakis-(4-sulfophenyl) porphine (TSPP or TPPS) leading to a 
deprotonation process utilised in OFS development [24]. The 
pH indicator based sensors generally do not specifically 
respond to any class of gases as both acid and alkaline gases (i.e. 
CO2 and NH3) change the pH value. However, the sensitivity of 
such OFSs highly depends on the acid dissociation constant 
(pKa) value of pH indicators as well as the solubility of the 
gases in the matrix film. By carefully selecting the dye and 
matrix film, pH indicators based OFS can be fabricated with 
low cross sensitivity. Porous silica film is chosen in this work 
as the matrix film for doping sensitive dyes due to its excellent 
mechanical properties over general polymer based matrix films, 
and it attaches strongly to the silica optical fibres.   
In this paper, an integrated OFS that is capable of measuring 
gaseous CO2 and NH3 simultaneously by using two pH-
sensitive dyes (thymol blue and TPPS) is, to the best of our 
knowledge, reported for the first time. The novelty also includes 
the reflection mode for sensing of NH3 by using TPPS. As the 
two dyes operate at different pH ranges for sensing of CO2 and 
NH3, the general procedure of one single sensing region cannot 
be applied. Therefore, the final sensor configuration is 
determined as a two-film structure in which the two dyes are 
doped inside two separate sol-gel films and coated individually 
on the two distal ends of a 2×2 optical fibre coupler (3 dB, 62.5 
µm in core diameter).The two-tip configuration provides 
flexibility of being a single compact sensor to measure the two 
gases locally in a small volume and being a spatial mulplexing 
sensor to measure the two gases in different locations. The 
reflection spectrum contains the absorption peaks of the two 
dyes that have no interference with each other at the selected 
wavelength. The selected wavelengths show no cross-talk 
between the two gases and demonstrate the ability to sense NH3 
and CO2 simultaneously in the presence of other breath gases, 
i.e. methanol and acetone.  
II. MATERIALS AND METHODS 
A. Materials 
Methyltriethoxysilane (MTEOS), thymol blue, ethanol and 
tetramethylammonium hydroxide (TMAH) solution (10% in 
water), hydrochloric acid (HCl) (37%), ammonium hydroxide 
solution (NH4OH) (28%), acetone and methanol were 
purchased from Sigma-Aldrich, UK. Tetraphenylporphyrin 
tetrasulfonic acid hydrate (TPPS) was purchased from Tokyo 
Chemical Industry, UK. Carbon dioxide (5% in argon mixture) 
was purchased from Ryvalgas, UK. Nitrogen (oxygen-free) was 
purchased from BOC, UK. 
B. Preparation of the optical fibre sensor  
Coating solution 1 (for CO2 sensing): 2 mL MTEOS, 5 mL 
Ethanol, 23 mg thymol blue are mixed under stirring at room 
temperature (~22 °C) for about 10 mins, then 0.5 mL of TMAH 
is added to into the solution mixture and stirring is maintained 
for 2 hours prior to use. 
Coating solution 2 (for NH3 sensing): 2 mL MTEOS, 5 mL 
ethanol, 1 mL distilled water and 0.5 µL HCl is added into a 
capped clean glass beaker under stirring and heating (50 °C) for 
approximate 10 mins, and then 7 mg TPPS is added into the 
solution mixture and the reaction is maintained for 30 mins. 
Two distal ends of the optical fibre coupler (3 dB, F-CPL-
M22855, Newport, UK) are cleaved at 90 degrees for dip 
coating using an in-house built dip coater. One tip of the arm is 
dip coated using the coating solution 1 with a withdrawal speed 
of 6 mm/s. The procedure is repeated 4 times with 2 mins drying 
period between each coating to obtain sufficient absorption 
after drying for sensing of CO2 [23]. Another tip is dip coated 
once with the coating solution 2 with a withdrawal speed of 6 
mm/s that provides sufficient absorption for sensing of NH3. 
The coated fibres are then dried in ambient conditions for 24 
hours before use. The two arms are packaged into a heat shrink 
tube so that the two tips are close to each other (illustrated in 
Fig. 1) and will be exposed simultaneously to the analyte gases.  
C. Experimental set-up and sensor characterisation  
The sensor response to CO2 and NH3 was conducted by using 
the same experimental set-up shown in Fig. 1. A halogen light 
source (HL-2000, Ocean Optics, Germany) and a CCD 
spectrometer (USB 2000+, Ocean Optics, Germany) are used 
as the light source and detector to obtain spectral information 
of the coated films from the tips of the optical fibre coupler. 
Calibration of the sensor was done by placing the coated tips in 
an in-house built acrylic gas measurement chamber (15 
cm(L)×13 cm(W)× 8 cm(H)) which has a CO2 datalogger (K-
33 BLG, CO2/RH+temperature datalogger, USA) and an NH3 
sensor (4-NH3-100, Honeywell, USA) placed inside as 
reference sensors. The experiment was conducted at a 
temperature regulated laboratory with a temperature set as 
 
Fig. 1 Experimental set-up of the sensor calibration; the two tips of the OFS 
were coated with two different films for sensing of CO2 and NH3, 
respectively. Inset shows the two tips coated with functional films packed 
inside a heat shrink tube.  
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3 
22 °C. 
1) Characterisation of CO2 measurement 
The pH-sensitive dye, thymol blue forms ion-pairs with 
TMAH inside of the sol-gel matrix resulting in a deprotonated 
status, and the abundant TMAH inside of the film act as a buffer 
solution that helps to maintain an alkaline environment [23]. 
The sensing of CO2 involves a CO2 hydration reaction by water 
molecules (H2O) of the ion-pairs described by: 
{𝑄+𝑇− • 𝑥𝐻2𝑂}  + 𝐶𝑂2 ⇌ 𝑄
+𝐻𝐶𝑂3
− • (𝑥 − 1)𝐻2𝑂 + 𝐻𝑇  (1)                        
Where 𝑄+  is a tetramethylammonium ion and 𝑇−  is the 
deprotonated thymol blue. The CO2 dissolves into the film and 
reacts with the hydrate water molecules of the ion pairs 
(𝑄+𝑇− • 𝑥𝐻2𝑂) forming carbonic acid (H2CO3) which further 
dissociates into protons (H+) and bicarbonate ions (HCO3
-). The 
former protonates the thymol blue leading to a change of 
spectral property. Previous research demonstrated that a thymol 
blue and TMAH doped sol-gel film undergoes a colour 
transition from blue to yellow while interacting with CO2 
resulting in a decrease of absorbance at λ = 608 nm and an 
increase of absorbance around λ = 480 nm [23].  
For measuring CO2, the chamber is initially filled with N2 gas 
(100 %) and then the concentration of CO2 is gradually 
increased step-by-step via regulating the flow of CO2 (5 % in 
argon mixture). Each step is maintained for at least 5 mins to 
obtain a stabilised signal for each concentration. The absorption 
spectrum of the fibre sensor is recorded simultaneously along 
with the readings from the commercial CO2 datalogger. In order 
to produce a rapid change in CO2 to measure the response time 
the fibre is placed directly from ambient (~700 ppm) into a 
chamber filled with ~5 % CO2. The relative humidity value 
inside of the measurement box is 34.5 ± 3.3 % across the 
measurement. 
2) Characterisation of NH3 measurement 
NH3 gas inside the measurement chamber is generated from 
the evaporation of a drop of NH4OH aqueous solution due to 
the existing equilibrium: 
𝑁𝐻3 + 𝐻2𝑂 ⇌  𝑁𝐻4𝑂𝐻                        (2) 
The sensing of gaseous NH3 by the OFS is determined by the 
TPPS which has intense absorption bands (Soret-band) at 
around λ = 420-480 nm and a weaker band (Q-band) in the 
region of λ = 500-700 nm [25]. The exact absorption peak 
depends on the aggregated state of molecules accommodated in 
the film [25, 26]. Spectral change of TPPS in the film is induced 
by polar effects: protonation and electronic interaction with 
matrix materials; and interactions between TPPS molecules. 
The TPPS molecule undergoes a deprotonation process induced 
by interaction with NH3 (illustrated in Fig. 2). As a result, 
deprotonation leads to the disruption of J-aggregation and the 
absorption spectrum is changed [26, 27]. 
The concentration of gaseous ammonia inside the chamber is 
generated by adding different volumes (2 µL, 4 µL, 8 µL, 16 µL, 
32 µL and 64 µL) of 1% ammonium hydroxide (NH4OH) 
solutions on a glass substrate (reservoir) inside the chamber. 
Each solution is retained for about 6 mins to reach equilibrium 
between the released gaseous NH3 and the NH4OH reservoir (as 
indicated by the commercial NH3 sensor). 
The cap is then opened and the reservoir removed to bring the 
concentration back to ambient level (0 ppm). The optical signal 
is recorded in real-time during the measurement and a 
commercial NH3 sensor records the concentration inside the 
chamber for reference. The NH3 response and recovery time is 
conducted in a separate test by quickly exposing the sensor to 
NH3 (~35 ppm) and removing the sensor back to the ambient 
level. 
 
 
 
 
 
 
 
 
 
 
 
3) The measurement in a complex gas environment 
For investigating the feasibility of the OFS working in a 
complex gas atmosphere containing other volatile organic 
compounds (VOCs), the gas chamber that hosts the OFS is 
initially filled with ~60,000 ppm of CO2 for 10 mins, followed 
by adding 20 µL methanol and acetone to the sealed chamber 
and waiting for another 10 mins. After allowing both methanol 
and acetone to evaporate, the chamber contains ~60,000 ppm 
CO2, 33,577 ppm methanol and 18,336 ppm acetone (the 
methanol/acetone concentration is calculated based on the ideal 
gas law). Then 10 µL of 1% NH4OH solution is added into the 
gas chamber, which generates an additional NH3 gas vapour 
(concentration is ~3.5 ppm from the reading of commercial 
sensor). The final gas mixture is composed of CO2, methanol, 
acetone and NH3. The relative humidity inside of the 
measurement chamber during the measurement process 
remains relatively stable at 28.5 ± 3.9 %.    
The absorbance value for a specific wavelength (λ) is 
determined as the logarithm of the ratio of the reflected intensity 
from the coated fibre, I(λ), to the reflected intensity measured 
prior to film deposition, I0(λ): 
A(λ) = −log
I(λ)
I0(λ)
                                (3) 
The limit of detection (LOD) is defined as three times the 
standard deviation (δ) of the signal at a constant concentration 
divided by the sensitivity that is the slope of the linear region of 
the relationship between the analyte and light intensity [28]. 
LOD =
3×δ
S
                                     (4) 
The response time and recovery time are defined as the time 
between 10% to 90%, and 90% to 10% of the signal change 
 
Fig. 2 Translational change of a TPPS molecule under an NH3 
atmosphere. The TPPS molecule undergoes deprotonation of porphyrins 
ring while interacting with NH3. 
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when the signal jumps from one stable value to another stable 
value as response to the change of the presence of analyte. 
III. RESULTS  
The MTEOS undergoes hydrolysis and condensation during 
the sol-gel reaction that forms the backbone of the gel network 
but also ensures strong chemical adhesion to the glass fibre. The 
TMAH and HCl added in each sol-gel preparation act as an 
alkaline and acidic catalyst for accelerating the reaction 
meanwhile activate the dyes in the appropriate 
deprotonation/protonation status for sensing of CO2 and NH3.  
Fig. 3 illustrates the absorption spectrum of the OFS after 
being coated with the gas-sensitive films. The spectrum 
presents three distinctive peaks at λ = 420 nm, 490 nm and 
711 nm after coating one tip of the optical fibre coupler with 
TPPS film and leaving the other uncoated (red line, Fig. 3). The 
absorption features are in agreement with the observation in the 
previously published work [24]. A new absorption peak around 
λ = 608 nm appears after coating the second tip with the film 
doped with thymol blue and phase transfer agent (TMAH) (blue 
line, Fig. 3). This is due to the absorption of the deprotonated 
thymol blue [23]. The increased baseline in the spectrum is 
attributed to the attenuation of the sol-gel matrix film. The 
distinctive absorption features from the two sensitive films 
render the possibility of sensing multiple analytes by 
monitoring the absorption change (black line, Fig. 3). 
 
 
 
 
 
 
 
 
A. Measurement of gasous CO2 
Fig. 4a shows the absorption spectrum of the OFS at 0 ppm 
and ~60,000 ppm of CO2 atmosphere. The absorbance value in 
the region around λ = 608 nm decreases at CO2 atmosphere and 
the other two peaks remain relatively stable. Fig. 4b shows the 
dynamic change of absorbance at λ = 608 nm during the CO2 
measurement in comparison to the reading of the commercial 
CO2 datalogger. The absorbance value shows a decrease as the 
CO2 concentration raises step by step from 0 ppm to 60,000 
ppm. The average absorption value of each step exhibits an 
exponential correlation (R2 = 0.99) to the concentration of CO2 
(Fig. 4c). Within the detected range, the absorbance value 
shows a linear correlation for the CO2 concentration in the range 
from 0 ppm to ~20,000 ppm with a sensitivity of -1.6×10-6 /ppm 
(inner graph of Fig. 4c, R2 = 0.96). The LOD is calculated as 
637 ppm using equation (4). The absorbance changes of three 
wavelengths: 490 nm, 711 nm and 608 nm corresponding to 
different concentrations of CO2 are illustrated in Fig. 4d. As a 
contrast, the absorbance value at λ = 711 nm that is from 
absorption of TPPS exhibits almost no change to CO2 in the 
tested range. However, another absorbance value of TPPS at 
λ =  490 nm increases with the increase of CO2 concentration. 
This change is due to the overlapping of the absorption peak 
with that of thymol blue around λ = 480 nm and the increase of 
absorbance is caused by thymol blue rather than TPPS. The 
absorbance at λ = 608 nm is also reversible as CO2 
concentration decreases (illustrated in Fig. 4e). The response 
and recovery time is calculated as 86 s and 236 s, respectively. 
 
 
 
 
 
 
 
 
 
 
 
          
 
Fig. 3 Absorption spectrum after coating the two tips of an optical fibre 
coupler with a TPPS film and a thymol blue film. 
(a)                                                                                                                         (b) 
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Fig. 4 (a) Spectral response of the OFS to CO2. (b) The response of absorbance value at λ = 608 nm to the change of CO2 concentration. (c) The absorbance value 
against the concentration of CO2. Each point in the graph is the average value of each step in (b). Error bars are smaller than marker size. The inner graph shows 
the linear fitting of the first four concentrations. (d) The comparison of three wavelengths in response to different concentration of CO2. (e) The reversible response 
of absorbance value (λ = 608 nm) to CO2.  
 
B. Measurement of gasous NH3 
The spectral response of the OFS to NH3 is illustrated in 
Fig. 5a in which the two bands (Soret band and Q-band) show 
a decrease in the absorbance value whereas the CO2 sensitive 
region (around λ = 608 nm) remains unchanged. Fig. 5b shows 
the dynamic response of absorbance of the two absorption 
peaks (λ = 490 nm and 711 nm) of the OFS to different 
concentrations of NH3 from 0 ppm up to 80 ppm. The two 
wavelengths exhibit a reversible decrease in their absorbance 
value in response to NH3. The relationship between absorbance 
at λ = 711 nm to the concentration of NH3 is shown in Fig. 5c 
where an exponential fitting is employed (R2 = 0.96) for the 
detected concentration range. Its sensitivity and LOD are 
defined as -0.00672 /ppm and 0.15 ppm respectively based on 
the linear fitting of the first four concentrations in the 
concentration range from 0 ppm up to 4 ppm (inner graph in Fig. 
5c, R2 = 0.87). The response time and recovery time is 
calculated as 83 s and 363 s respectively from Fig. 5e where the 
sensor is quickly exposed to ~35 ppm of NH3 from an ambient 
concentration. 
Although the absorbance shows a bigger change at 
λ = 490 nm than that at λ = 711 nm in response to NH3 
(illustrated in Fig. 5d), the interference to CO2 of the absorbance 
at 490 nm as shown in Fig. 4d demonstrates that the cross 
sensitivity means it is not the optimum wavelength for 
indicating NH3 concentration in a CO2 atmosphere. The 
absorbance at λ = 711 nm is therefore used to indicate NH3 
concentration. 
 
 
                                                  (a) 
(c)                                                                                                                                (d) 
 (e) 
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Fig. 5 (a) Spectral response of OFS to NH3. (b) The absorbance value of OFS at the two different wavelengths (490 nm and 711 nm) in response to NH3 
concentration. (c) Exponential fitting of absorbance value at 711 nm to the concentration of NH3. The inner graph illustrates the linear fitting for the first 
four points in the concentration range up to 4 ppm. (d) The change of absorbance value at three different wavelengths against NH3 concentration. (e) The 
response time of OFS to NH3 with a concentration of ~ 35 ppm.  
Apart from absorption change, the wavelength of the 
absorption peaks also shifts in response to NH3 as illustrated in 
Fig. 6a. The two bands shift in opposite directions as the NH3 
concentration increases, the Q-band undergoes a blue shift 
while the Soret band shifts to a longer wavelength. The Soret 
band also shows a broadening of the absorbance peak with an 
increase of ~ 4 nm at 12 ppm NH3 of the full width at half 
maximum (FWHM). The red shift and broadening of the Soret 
band and blue shift of Q bands of TPPS have been reported as 
a result of forming a complex with other chemicals due to 
aggregate structure change [26], in this case, a TPPS-NH3 
complex. The magnitude of the wavelength shift is illustrated 
in Fig. 6b in which the Q-band has a larger shift in response to 
a concentration of NH3 in the detected range. Due to the 
opposite change of the dual bands, the distance between the two 
bands can also be applied for indicating the NH3 concentration. 
It shows a larger wavelength shift than the single band with a 
sensitivity of -0.7 nm/ppm for the linear range from 0 ppm up 
to 4 ppm (R2=0.86). Using equation (4), the LOD is 0.2 ppm, 
which is slightly bigger than that obtained using absorbance 
values (0.15 ppm). The wavelength-shift based method 
provides an advantage of tolerating drift of light intensity over 
the absorbance based method for long-term application. 
Another way of compensating the intensity drift is by using a 
reference wavelength to subtract the drift. The reference 
wavelength should not be sensitive to the target analyte. This 
method is significant in the CO2 measurement as it does not 
exhibit a wavelength shift. The reference wavelength in this 
case can be selected between 750 nm to 900 nm. In terms of 
instrument miniaturisation, the absorbance-based method can 
be measured with low-cost photodetectors, whereas the 
wavelength-shift measurement requires a more complicated 
spectrometer-like configuration that raises the complexity and 
cost of the hardware. 
 
                                           (a) 
                   (b)                                                                                                                              (c) 
 
                                                               (d)                                                                                                                                (e) 
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                                              (b) 
Fig. 6 (a) Central wavelength of two bands in response to NH3. (b) Absolute 
wavelength shift corresponding to the concentration of NH3. 
Table 1 lists the key features of the proposed OFS by using 
absorption based measurement for the sensing of CO2 and NH3 
compared to the previously reported OFSs. The proposed 
sensor shows the unique feature of sensing both parameters 
simultaneously with comparable response time and better LOD 
than the previously reported. The lower LOD enables the sensor 
to be applied in monitoring the air quality of workspaces where 
both gases are considered such as farmland, livestock feeding 
industry or fertiliser manufacturing industry and the application 
in healthcare for breath gas analysis.  
Table 1. The comparison of the proposed sensor to the previously published 
OFSs.   
OFS analyte Sensing 
platform 
Sensing 
materials 
LOD 
(ppm) 
Response 
time (s) 
Proposed 
sensor 
CO2 Fibre tip Thymol blue  637 86 
NH3 Fibre tip TPPS 0.15 83 
Ref. [29] CO2 u-shape 
fibre 
Phenol red 6,500 2-3 
Ref. [30] CO2 HC-PCF Infrared 
absorption  
20,000 600 
Ref. [31] CO2 LPG HKUST-1 401 260 
Ref. [32] NH3 u-shape 
fibre 
Bromocresol 
purple 
10 10 
Ref. [33] NH3 Side-
polished 
fibre 
Graphene/ 
polyaniline 
22.46 112 
Ref. [34] NH3 Fibre tip Fluorescent 
aza-BODIPY 
< 43 > 30 
HC = Hollow core; PCF= Photonic-crystal fibre. 
  Humidity in breath gas is a major adverse factor to the sensing 
performance due to the water condensation on the sol-gel film. 
At a high humidity condition (> 70 %), the reflection intensity 
undergoes a drop as a result of water adsorption due to the 
increase of the refractive index. This is consistent with results 
demonstrated previously [23]. In our previous publication [23], 
breath CO2 is accurately measured by using the optical fibre 
CO2 sensor after passing through a home-made humidity filter. 
The proposed NH3 and CO2 dual sensor in this article are 
suggested to be covered with a semipermeable membrane such 
as polytetrafluoroethylene (PTFE) membrane which allows the 
permeation of gases and prevents water condensation as it tends 
to neutralize the pH of film. Temperature does not have a 
significant effect on the absorbance value of the dyes (< 1.5% 
change in absorbance over the range 25 °C to 40 °C). However, 
the CO2 reaction in equation (1) is a temperature dependent and 
such an exothermic reaction leads to a lower sensitivity at high 
temperature as shown in Fig. 7, which is more pronounced for 
higher (> 1 %) CO2 concentration. The absorption change 
within 5 °C in the range of 30-35 °C is minor and would be 
suitable for the sensing applications in healthcare. Therefore, 
the sensor can be treated as temperature insensitive where the 
temperature fluctuation is small. For other applications where 
temperature change is more pronounced, temperature effect 
would need to be compensated for using an additional 
temperature sensor [35]. 
 
Fig. 7  The measurement of CO2 at different temperature. 
C. Simultaneous measurement of CO2 and NH3 in a complex 
gas atmosphere 
Specificity, the ability to detect the analyte of interest in a 
complex matrix, is an important parameter of any chemical or 
biosensor. In order to study the sensors’ specificity their 
responses in an environment containing a mixture of CO2, 
methanol, acetone and NH3 was studied and results are shown 
in Fig. 8. The absorbance of the wavelength changes 
dynamically as the gases supplied change. Methanol and 
acetone are two of other VOCs presented in breath apart from 
CO2 and NH3 [18]. The absorbance value at λ = 608 nm 
decreases while CO2 is infused into the gas chamber and 
 
Fig. 8 Dynamic response of the OFS to a mixture of gases containing CO2 
(~60,000 ppm), methanol (33,577 ppm), acetone (18,336 ppm) and NH3 (3.5 
ppm). The concentrations of CO2 and NH3 are directly read from the 
commercial sensor and concentration of methanol and acetone are calculated 
based on the ideal gas law. 
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remains stable at the CO2 concentration inside of chamber 
remains the same as ~60,000 ppm which is shown by the 
commercial datalogger (7-17 mins in Fig. 8).  
The absorbance value at λ = 711 nm remains unchanged after 
the infusion of CO2 compared to its value in ambient air. Both 
wavelengths show no response to the methanol and acetone 
vapour (17-27 mins in Fig. 8) demonstrating negligible cross-
sensitivity to the tested VOCs. The wavelength of 711 nm starts 
to decrease at the time at about 27 mins when NH4OH was 
added into the chamber. It gradually decreases and finally 
stabilised in the next 10 mins in response to the equilibrium of 
gaseous NH3 in the chamber (concentration of 3.5 ppm). The 
wavelength of 608 nm, on the other hand, remains constant due 
to negligible NH3 cross sensitivity as discussed later. The 
sensor test in the mixture of gases demonstrates the capability 
of the OFS to measure CO2 and NH3 simultaneously and the 
presence of VOCs, i.e. methanol and acetone, do not interfere 
with the sensor response. 
IV. DISCUSSION 
The two dye compounds used for sensing of CO2 and NH3 in 
the above experiment are pH dependent. The CO2 sensitive dye 
(thymol blue) can only work in the presence of alkaline phase 
transfer (TMAH). The NH3 sensitive dye (TPPS), however, 
operates only when the pH is neutral or acidic. Therefore, the 
spectrum in Fig. 3 which contains the absorption region for both 
NH3 and CO2 sensing cannot be obtained by doping the two 
dyes into one matrix film (results not shown). In other words, 
the combination of the two dyes into one matrix film for the 
simultaneous measurement of CO2 and NH3 cannot be achieved 
due to the pH uniformity of one single film. As one film cannot 
survive in the other’s coating solution due to different pH value, 
a two-film structure with one on the top of another cannot be 
obtained via the dip coating method (data not shown). 
The sensing of CO2 and NH3 is a process of protonation and 
deprotonation of the relevant dye. The CO2 is an acidic gas, and 
it reacts with the hydrate water molecules forming carbonic 
acids, which are the proton donor to the thymol blue. However, 
the majority of CO2 (more than 99 %) in water exists as the 
dissolved gas and less than 1 % as carbonic acid [36]. In the 
CO2 sensing film, the doping of alkaline phase transfer (TMAH) 
provides abundant hydrate molecule due to the formation of 
ion-pair with the dye and the equilibrium in equation (1) shifts 
to the right side, and as a result, more dissolved CO2 is 
converted into carbonic acid. Besides, the abundant base doped 
in the film also provides a higher pH that enhances the solubility 
of CO2 as a result of the shift in the equilibrium. When it comes 
to the NH3 sensing film, the ambient water molecules that react 
to CO2 are not enough to produce sufficient protons to change 
the spectral property of the TPPS leading to a negligible 
response to CO2. 
On the other hand, NH3 is an alkaline gas and acts as a proton 
receptor that deprotonates the TPPS molecule. Its solubility is 
very low in a high pH value of water medium due to inhibition 
of the dissociation of ammonia hydroxide in equation (2). As a 
result, diffusion of NH3 into the CO2 sensitive film is very low 
leading to negligible cross-sensitivity of NH3. 
V. CONCLUSION 
Multi-parameter sensing of CO2 and NH3 is achieved by using 
an optical fibre sensor fabricated by separately coating two dyes 
(thymol blue and TPPS) on the two distal ends of a 2×2 optical 
fibre coupler. The distinctive absorption features of the two 
dyes at the reflection spectrum facilitates independent 
responses of the optical signals to CO2 and NH3. Two 
absorption peaks positioned at λ = 608 nm and 711 nm in the 
reflection spectrum are suitable for sensing of CO2 and NH3 
with negligible cross-talk between each measurement. Their 
absorbance value decreases in response to the increase of CO2 
and NH3. The LOD for sensing of CO2 and NH3 is 637 ppm and 
0.15 ppm.  
The reported sensor demonstrates the capability of sensing 
CO2 and NH3 with no interference with each measurement and 
is capable of sensing the two gases simultaneously with 
negligible cross-sensitivity to tested VOCs i.e. methanol and 
acetone. 
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